ABSTRACT Translational vibration-based methods have been widely used for machinery fault diagnosis. However, because of the unique gear configuration and complex kinetics, planetary gearbox translational vibration signals have complex modulation features due to gear faults and time-varying vibration transmission paths. This results in complex frequency components of translational vibrations, and adds difficulty to gear fault signature extraction. Under variable speed conditions, the resultant time-variant frequency components and complex sidebands may overlap in frequency domain, thus making it more difficult to pinpoint fault features. To address this issue, torsional vibration signals are exploited, because they are free from the extra modulation effect due to time-varying transmission paths and have simpler frequency contents. Gear faults generate impacts, thus exciting resonances and leading to modulations on resonances. Therefore, torsional resonance frequency band is concentrated to extract gear fault information. The timevariant but symmetric sideband characteristics in the resonance region are derived based on the explicit timevarying amplitude modulation and frequency modulation signal model. Resonance frequencies are identified under variable speed conditions by virtue of their independence on running conditions. Furthermore, timefrequency analysis is utilized to extract time-variant gear fault frequencies. The proposed method is validated using both numerical simulation and lab experimental data. Localized faults of the sun, planet, and ring gears are diagnosed under variable speed conditions.
I. INTRODUCTION
Planetary gearboxes have unique merits, such as heavy load capacity, large transmission ratio, high efficiency, and compact structure, and therefore are widely applied in wind turbines, rotorcrafts and heavy trucks [1] - [3] . However, tough environmental conditions and volatile operational conditions leave planetary gearboxes prone to faults. Therefore, fault diagnosis plays a vital role to reduce productivity loss and avoid catastrophic failure of planetary gearboxes.
Planetary gearbox kinetics is quite different from fixedshaft gearbox one, since planet gears mesh simultaneously with both sun and ring gears, and in the meantime revolve around the sun gear. When a localized fault point on a gear tooth goes into mesh, an impact will be generated, leading to both amplitude modulation (AM) and frequency modulation (FM) of gear meshing vibrations. Besides, if a localized fault exists on the sun or planet gear, the transmission path for fault vibrations propagate from fault point to a vibration sensor fixed on the gearbox casing will change periodically with the gear rotation, resulting in an extra AM effect on meshing vibrations [4] . These modulation effects lead to complex frequency contents of translational vibrations, in particular intricate sidebands. Some researchers have investigated such complexity. Inalpolat and Kahraman [5] developed an analytical model to predict modulation sidebands around the mesh frequency, and studied the spectral complexity of planetary gearbox translational vibrations. They examined the modulation effects of gear manufacturing errors on translational vibrations [6] . Feng and Zuo [7] modeled planetary gearbox translational vibration signal as amplitude modulation and frequency modulation (AM-FM) processes, derived the explicit equations of Fourier spectra, and summarized the sideband characteristics, for sun, planet and ring gear fault cases.
In order to effectively extract gear fault feature from translational vibration signals, researchers have proposed some methods. To name a few for example, Feng et al. [8] utilized ensemble empirical mode decomposition and energy separation algorithm to amplitude and frequency demodulate vibration signals, thus avoiding complex sidebands and extracting fault feature from demodulated spectra. Barszcz and Randall [9] applied the spectral kurtosis to select an optimal frequency band for planetary gear tooth crack detection. Teng et al. [10] used complex wavelet transform to decompose and demodulate planetary gearbox vibration signals, extracted gear fault signature form multi-scale envelope spectrogram. Lei et al. [11] proposed an adaptive stochastic resonance method based on ant colony algorithm to extract weak planetary gear fault feature. These works have made significant contributions to planetary gearbox fault diagnosis via translational vibration signal analysis. However, the extra AM effect due to time-varying transmission paths is inevitable in translational vibrations, and its associated frequency may mislead fault signature identification.
Planetary gearbox torsional vibrations are free from the AM effect by time-varying transmission paths, thus having simpler frequency contents and being more suitable for planetary gearbox fault diagnosis. If a planetary gear set is isotropic circumferentially, the distance from a gear fault point to a torsional vibration sensor connected to input/output shaft is constant, even though the fault point changes periodically with rotation of the gear set. Therefore, only gear fault generates modulations on the meshing vibrations and thereby torsional vibrations.
Considering the merits of torsional vibrations, some researchers have proposed to detect gearbox fault via torsional vibration signal analysis. For instance, Kia et al. [12] , [13] detected gear tooth damage in a fixedshaft gearbox based on both sensor-perceived and electromagnetic estimated torsional vibration signal analysis. However, reported works on application of torsional vibration signal analysis in planetary gearbox fault diagnosis have been limited. Feng and Zuo [14] analyzed the AM-FM characteristics of planetary gearbox torsional vibration signals, and predicted the characteristics of Fourier, amplitude and frequency demodulation spectra for fault diagnosis. These works lay a foundation for planetary gearbox fault diagnosis via torsional vibration signal analysis.
Gear fault information is widely known to be carried by the gear meshing frequency harmonics, and most publications focus on the gear meshing vibrations to extract fault features, but it is also expected to be conveyed by the resonance frequency. Gear faults generate impacts as they contact with engaging gear teeth, and these impacts excite both translational and torsional resonances. The resonance magnitude changes due to damping at the gear fault frequency. Hence, the resonance frequency band contains gear fault information. Kia et al. [12] pointed out that torsional vibrations may attain a significant level at resonance frequencies, and their spectral characteristics are useful for gear fault detection. Wang [15] extended the resonance demodulation technique to gear tooth cracking diagnosis, and found that the resonance frequency band contains gear fault information. However, these reported works focus on fixed-shaft gearboxes only, and very few relate to planetary gearboxes. It would open a different angle to concentrate on resonance band of torsional vibrations and extract planetary gearbox fault feature.
Nevertheless, all the above reported methods are based on stationarity, i.e., the rotating speed and load are assumed to be constant. In real applications, the running condition of planetary gearboxes is often nonstationary due to volatile environmental conditions or variant input/output needs. Under nonstationary conditions, particularly in variable speed cases, fault characteristic frequencies are time-variant because they are proportional to gearbox running speed. Time-frequency analysis (TFA) is suitable for nonstationary signal analysis [16] , [17] . Therefore, it is utilized to analyze nonstationary torsional vibration signals, in order to extract the time-variant fault signatures.
In this paper, we propose to analyze torsional vibration signals and extract time-variant fault frequencies around resonance frequency for planetary gearbox fault diagnosis under variable speed conditions. In this way, we avoid the extra modulation effect due to time-varying transmission paths inherent with translational vibrations, and therefore overcome the difficulty issue due to vibration complexity. Moreover, we extract gear fault features from resonance frequency band instead of meshing vibrations. To this end, we derive the time-varying sideband features, and discover their symmetry around resonance frequency in terms of instantaneous frequency. This addresses the nonstationarity issue due to variable speeds, and more importantly, it provides a new insight into gear fault induced torsional vibration signatures.
Hereafter, this paper is organized as follows. Section 2 models torsional vibration signals around torsional resonance frequency under variable speed conditions as time-varying AM-FM processes, and derives the explicit equations of time-varying spectra. Resonance frequency is independent of running conditions. Motivated by this fact, we propose to identify the torsional resonance frequency as the constant one during variable speed processes in Section 3. Section 4 illustrates the proposed method via a numerical simulation signal analysis. Section 5 validates the proposed method using lab experimental data of a planetary gearbox. Section 6 draws conclusions.
II. TORSIONAL VIBRATION SIGNAL MODEL UNDER VARIABLE SPEED CONDITIONS
In this section, we model the planetary gearbox torsional vibration signal around the resonance frequency under variable speed conditions as an AM-FM process, and further derive its time-variant sideband characteristics for fault diagnosis.
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A. TIME-VARYING AMPLITUDE AND FREQUENCY MODULATION MODEL
Planetary gearbox fault torsional vibrations feature AM-FM around resonance frequencies. Assume a gear in a planetary gearbox has local fault. When the gear fault area meshes with its mating gear tooth as the gear pair runs, impact series will be generated at the gear fault frequency f g (t). This impact series excite the gearbox resonance repetitively. In terms of amplitude, the resonance damps out rapidly before the next resonance arises, resulting in the AM feature. In terms of frequency, in one cycle, the resonance exists in the early portion and the instantaneous frequency equals approximately the resonance frequency f n , while in the later portion, the resonance vanishes due to damping and the instantaneous frequency becomes 0. This means the instantaneous frequency changes repetitively, resulting in FM feature. Therefore, gear fault torsional vibrations around the resonance frequency have AM-FM feature, with the carrier frequency equal to the resonance frequency f n and the modulating frequency equal to the gear fault frequency f g (t).
Planetary gearbox fault torsional vibration signals are free from the AM effect of time-varying vibration transmission path. A torsional vibration sensor is often connected to the gearbox input/output shaft. In this situation, the vibration propagation distance from fault point to the torsional vibration sensor is constant, even though the meshing locations of sun-planet and planet-ring gear pairs vary as the gearbox runs. Hence, the AM-FM feature of torsional resonance vibrations is attributed to gear fault only.
Without loss of generality, we consider only the fundamental frequencies and focus on the torsional resonance frequency band, then planetary gearbox fault torsional vibration signals under variable speed conditions can be modeled as a time-varying AM-FM process
where A and B are the AM and FM magnitude respectively, φ, ϕ and θ stand for the initial phases, f g (t) the time-variant gear fault frequency, and f n the torsional resonance frequency.
B. TIME-VARIANT SIDEBANDS
Gear fault torsional vibration signals have symmetric sidebands about the resonance frequency f n with a time-variant spacing equal to the gear fault frequency f g (t). According to the identity of Bessel functions [18] 
where J m (z) is the first class of Bessel function with order m and argument z, equation (1) can be rewritten as
According to trigonometric identities [18] , equation (3) can be expanded as (4) (shown at the bottom of the next page). At each time instant t, applying Fourier transform to equation (4), yields the time dependent Fourier spectrum as shown in (5), as shown at the bottom of the next page.
According to equation (5), in the time-varying spectrum, time-frequency ridges will appear at the resonance frequency f n , and its sum and difference combinations with the gear fault frequency harmonics f n ± mf g (t). These sidebands are timevariant with a spacing equal to the gear fault frequency f g (t), but they are symmetric about the resonance frequency f n in terms of the instantaneous frequency only while regardless of the time-frequency ridge magnitude, because the upper sidebands (higher than the resonance frequency) follow directly with the variable speed, while the lower sideband (lower than the resonance frequency) vary inversely with the variable speed. For example, the sidebands are dispersive along time in a speed-up process, but convergent in a speed-down process, and are butterfly-like in a nonlinearly variable speed process. According to this feature, particularly the sideband spacing, gear fault can be diagnosed.
III. RESONANCE FREQUENCY IDENTIFICATION
Accurate identification of the resonance frequency f n is a key step to diagnose gear fault via torsional vibration signal analysis in resonance region. However, it is difficult to apply an impulsive torsional excitation to a gear set, for torsional resonance frequency identification, as usually done in hammer impact technique for translational modal testing. To overcome this difficulty, we exploit the independence of resonance on running conditions, particularly the running speed, and propose a resonance frequency identification approach via time-frequency analysis of torsional vibrations under variable speeds.
Gear meshing and resonance vibrations are major components of gearbox vibrations, but they exhibit distinct behavior during variable speed conditions. Gear meshing vibrations are mainly composed of gear meshing frequency harmonics and associated sidebands with spacing equal to gear characteristic frequencies. These frequencies are proportional to the gearbox running speed. During variable speed processes, they follow the time-varying speed profile, and change over time. During gearbox running, sudden changes in meshing stiffness, due to gear fault and/or alternation in number of engaging gear pairs, generate impulses in load torque, thus exciting torsional resonance vibrations. Resonance frequencies are independent on running conditions, thus being time invariant during variable speed processes. Therefore, resonance frequencies show up as constant ones on time-frequency plane, which are parallel to the time axis but vertical to the frequency axis. On the contrary, gear meshing frequency harmonics and associated sidebands emerge as curves on time-frequency plane. According to this property, resonance frequencies can be discriminated from gear meshing frequency harmonics and associated sidebands, and can be recognized as a constant frequency on time-frequency plane. Given the torsional resonance frequency, gear fault feature under variable speeds can be extracted through time-frequency analysis of the time-variant but symmetric sidebands in the resonance region.
IV. REASSIGNED SHORT-TIME FOURIER SPECTROGRAM
In order to recognize the intricate time-variant sidebands and the torsional resonance frequency under variable speeds, quality time-frequency analysis method is in-demand. Among various time-frequency analysis methods, reassigned short-time Fourier spectrogram has fine time-frequency resolution, and is free of cross term interferences, thus providing a potential approach [16] .
For a signal x(t), its short-time Fourier transform is defined as
where h(t) is a window function of unit energy, and * denotes conjugate. Spectrogram is defined as the squared modulus of short-time Fourier transform
Short-time Fourier spectrogram has low computational complexity, but its time-frequency resolution is limited due to Heisenberg uncertainty constraint.
Reassignment method overcomes this drawback, by reallocating the mean energy SP(t, f ) at the time-frequency location (t, f ) to the center of gravitŷ
where Th(t) = t · h(t) and Dh(t) = dh(t) dt . The resulting reassigned short-time Fourier spectrogram becomes
where δ(·) is Dirac delta function. It has good time-frequency readability, is easy to be implemented via fast algorithm, and therefore is utilized to analyze nonstationary torsional vibration signals in this paper.
V. NUMERICAL SIMULATED SIGNAL ANALYSIS
In this section, a numerical simulated planetary gearbox torsional vibration signal is generated and analyzed to elaborate the principle and procedure of our proposed method. Without loss of generality, we consider a sun gear fault case, and focus on fundamental frequencies only, then the torsional vibration signal around the resonance frequency can be written as
where the resonance frequency f n = 1400 Hz, f s (t) stands for the sun gear fault frequency, the AM and FM magnitudes are set to A = 0.8 and B = 0.01 respectively, the initial phases φ = ϕ = θ = 0, and to mimic background noise, a Gaussian
VOLUME 5, 2017 white noise n(t) is added at a signal-to-noise ratio of 2 dB. The signal is generated according to the same gear configuration as that of the lab experimental planetary gearbox, see Table 1 in Section 5.1. To simulate a speed-down process, the sun gear rotating frequency is set to f To extract time-variant fault features, time-frequency analysis is utilized. Figure 1(c) shows the conventional shorttime Fourier spectrogram of simulated signal. It roughly reveals the time-frequency structure, but its time-frequency resolution is low. Some unwanted speckles exist on the timefrequency plane due to noise interferences. This may mislead sidebands analysis and resonance frequency identification in real applications. Figure 1 (d) displays the result of reassigned short-time Fourier spectrogram. It has better timefrequency resolution than Figure 1 (c) , and is free from unwanted noise speckles. These merits lead to good timefrequency readability, and help recognition of intricate timevariant sidebands and resonance frequency. A horizontal line appears on the time-frequency plane, and corresponds exactly to the resonance frequency f n = 1400 Hz. This validates our idea of resonance frequency identification. Meanwhile, as the sun gear rotating frequency reduces, time-frequency ridges appear, and they form symmetric time-variant sidebands about the resonance frequency in terms of the instantaneous frequency only. The instantaneous frequencies of upper sidebands decrease following the rotating frequency profile, but those of lower sidebands increase inversely following the profile. More importantly, the sidebands link to the resonance frequency plus or minus the sun gear fault frequency or its harmonics f n ± mf s (t). These findings are far different from the characteristics of gear meshing frequency harmonics and associated sidebands, which all follow the rotating frequency profile, but they match with the sun gear fault symptoms around the resonance frequency, demonstrating our proposed method.
VI. LAB EXPERIMENTAL EVALUATION
In this section, we evaluate the proposed method through lab experimental signal analysis under variable speed conditions. Figure 2 shows the experimental set-up. The planetary gearbox input shaft connects to the sun gear, and is driven by a motor. A torque-speed sensor is connected between the motor and planetary gearbox to measure torsional vibrations and speed. The planetary gearbox output shaft connects to the planet carrier, and is applied a load of 30 lb-in by a magnetic powder brake. Table 1 lists the planetary gearbox configuration. According to the gear configuration parameters, we can derive the relationship of each gear fault frequency with the sun gear rotating frequency f (r) s (t), as listed in Table 2 . They are useful to identify the time-variant frequencies, thus diagnosing gear faults.
A. EXPERIMENTAL SETTINGS
To simulate gear fault in planetary gearboxes, we introduce local fault to one tooth of the sun, planet and ring gears respectively, as shown in Figure 3 (a)-(c) . Four groups of experiment are conducted: baseline when all gears are healthy, sun gear fault when the sun gear alone has local fault, planet gear fault when one of the planet gears alone has local fault, and ring gear fault when the ring gear alone has local fault.
For each experiment, the motor is speeded up from 0 to 15 Hz in a duration of 15 seconds, and the torsional vibration signal is collected at a sampling rate of 20000 Hz. Figure 4 shows the detrended torsional vibration signal waveform, Fourier spectrum, motor speed, and time-frequency analysis result respectively. Because the gear characteristic frequencies follow the time-varying speed, they are timevariant, and cannot be pinpointed in the Fourier spectrum. In the time-frequency distribution of detrended torsional vibration signal, Figure 4 (d), a constant frequency appears at 6496 Hz, despite the speed variability. Therefore, we select the resonance frequency f n = 6496Hz. As the speed increases, dispersive sidebands show up, and they are symmetric about VOLUME 5, 2017 the resonance frequency. Further investigation reveals that they correspond to the resonance frequency plus or minus the sun gear rotating frequency harmonics f n ± 3f (r) s (t). They are most likely caused by assembly errors, for instance misalignment. Sidebands associated with gear fault frequencies are not present. Therefore, this phenomenon does not imply any gear fault. Figure 5 shows the sun gear fault signal analysis results. In the time-frequency distribution, a line parallel to the time axis while vertical to the frequency axis shows up at 6493 Hz. Therefore, the resonance frequency is recognized as f n = 6493Hz. It is slightly different from that in the baseline case. This is reasonable, because gear replacement, disassembly and reassembly would change the gearbox dynamic properties. Dispersive and symmetric time-variant sidebands appear around the resonance frequency f n . Similar to the baseline case, most of these sidebands are associated with the sun gear rotating frequency f and its harmonics, for example f n ± f s (t). This feature implies the sun gear fault. Figure 6 shows the planet gear fault signal analysis results. According to the time-frequency feature of the torsional signal, the resonance frequency is identified as f n = 6494Hz. Among the present time-variant sidebands, the resonance frequency plus or minus the sun gear rotating frequency harmonics f n ± kf (r) s (t) are still dominant. Besides, the sidebands related to the resonance frequency plus or minus the planet gear fault frequency f n ± f p (t) also show up and have non-negligible magnitude, indicating the planet gear fault. Moreover, the resonance frequency plus or minus the planet carrier rotating frequency f n ±f (r) c (t) are also prominent. This further evidences the planet gear fault, because fault on one planet gear would result in uneven load sharing among all the planets, and thereby a modulation effect on the torsional vibration signal at the planet carrier rotating frequency. Figure 7 shows the ring gear fault signal analysis results. Once again, according to time invariance of the timefrequency feature in Figure 7 (d) , the resonance frequency is discerned as f n = 6488Hz. The dominant time-variant sidebands link to the resonance frequency plus or minus the sun gear rotating frequency harmonics f n ± kf (r) s (t), showing a similar behavior to the baseline signal. More importantly, the sidebands equal to the resonance frequency plus or minus the ring gear fault frequency f n ± f r (t) are also visible with prominent magnitudes. This feature proves existence of the ring gear fault.
B. BASELINE SIGNAL ANALYSIS
C. DETECTION OF SUN GEAR FAULT
D. DETECTION OF PLANET GEAR FAULT
E. DETECTION OF RING GEAR FAULT
In the above experimental signal analyses, the time-variant sidebands show a dispersive and symmetric time-frequency structure around the torsional resonance frequency during a speed-up process, in accordance with theoretical expectations, and validate our proposed time-varying AM-FM model for torsional vibration signals around the resonance frequency. In each gear fault case, the time-variant sideband characteristics, particularly the sideband spacing, links to the gear fault frequency. These findings are consistent with actual experimental setting. This further validates our proposed method for planetary gearbox fault diagnosis under nonstationary conditions.
VII. CONCLUSIONS
Planetary gearbox torsional vibration signals are free from the extra AM effect due to time-varying transmission paths inherent with translational vibrations. Therefore, they have simpler frequency structures, and can be utilized to reveal gear fault more effectively. Around the resonance frequency, they can be modeled as time-varying AM-FM processes under nonstationary conditions. On the time-frequency plane, they show symmetric sidebands about the resonance frequency, in terms of their instantaneous frequencies only while regardless of their time-frequency ridge magnitude. The instantaneous frequencies of upper sidebands directly follow the rotating frequency profile, but those of lower sidebands inversely follow the profile. More importantly, the time-variant sideband spacing link to the gear fault frequency. According to this feature, gear fault can be diagnosed via time-frequency analysis of torsional vibration signals in the resonance frequency band. Inspired by the independence nature of resonance frequency on running speed, the resonance frequency can be identified as the constant frequency in the time-frequency distribution of torsional vibration signals under variable speed conditions. The proposed method is illustrated by numerical simulated signal analysis, and then validated through lab experimental data tests. Local fault on the sun, planet and ring gears are all successfully diagnosed, despite the time-variability of running conditions.
